INTRODUCTION
Brain tumors are a collection of heterogeneous intracranial neoplasms, each with its own biology, treatment, and prognosis. 1 Although magnetic resonance (MR) imaging is the best imaging option for diagnosing brain tumors, understanding tumor biology at the molecular level is essential for early detection and also for delivering effective personalized treatments. Positron emission tomography (PET) is one of the most prominent molecular imaging modalities used for imaging pathophysiology of tumors at an early stage. Currently, no single imaging modality can provide the sensitivity, specificity, and high spatial resolution required in distinguishing brain tumors from surrounding normal tissues. Hence, combining anatomic and functional imaging modalities has been explored to achieve the stated goals. So far, hybrid technologies, including PET-computed tomography (CT) and PET-MR have successfully been used for brain tumor management in clinics. The quest for combined multimodality imaging is an ongoing process. In a recent study, combining MR, photoacoustics, and Raman imaging has been shown to provide promising results in identifying brain tumor margins in animal models. 2 PET-MR has shown to be superior to CT, PET, or MR alone, mainly because it allows for molecular, anatomic, and functional imaging with uncompromised quality. 3 Tumor delineation using
These procedures are further optimized on dedicated PET-MR, systems permitting the simultaneous assessment of morphologic, functional, metabolic, and molecular information on the human brain. 9, 10 In this report, we review the recent advances and clinical applications of quantitative PET-MR in brain tumor imaging.
ADVANCES IN HYBRID PET-MR INSTRUMENTATION FOR BRAIN IMAGING From the Limited Role of CT in PET-CT to the Promise of MR in PET-MR
The introduction of combined PET-CT scanners was an instant game changer in medical imaging and has superseded standalone PET scanners. Integrated PET-CT scanners allowed the overlay of sequentially acquired CT and PET images and have been a practical and viable approach in obtaining coregistered functional and anatomic images in a single scanning session. However, for brain imaging, the poor soft tissue contrast of CT has long been a drawback. This has been one of the compelling reasons for integrating highresolution anatomic information from MR imaging with the functional PET information. Initially, intramodality image registration methods were used and were found to be inadequate, which prompted the idea of simultaneous PET-MR prototypes for animal imaging. 11 PET has very high sensitivity for tracking biomarkers in vivo but has poor resolving power for morphology, whereas MR imaging has lower sensitivity, but produces high soft tissue contrast. Combining PET and MR imaging in a single platform to harness the synergy of these 2 modalities is very intuitive and logical. The synergy of PET-MR has proven very powerful in studying biology and pathology in the preclinical setting and has great potential for clinical applications. 12 A typical example in which PET-MR plays a key role over PET-CT is illustrated in Fig. 1 . PET-MR overcomes many limitations of PET-CT, such as limited tissue contrast and high radiation doses delivered to the patient or the animal being studied. 13 In addition, recent PET-MR designs allow for simultaneous rather than sequential acquisition of PET and MR imaging data, which could not have been achieved through a combination of PET and CT scanners. 14 
Dedicated Brain PET-MR Instrumentation
Hybrid PET-MR technology was initially developed for imaging small animal models of human disease, 11, 12, 15, 16 and through many years of technical improvements was shown to be feasible in imaging the human brain 17, 18 and the whole body. 14, 19 Combining PET and MR for simultaneous acquisition of spatially and temporally correlated PET-MR data sets is technically challenging owing to the strong magnetic fields in the MR subsystem. Despite the challenges and technical difficulties, a clinical PET-MR prototype (BrainPET, Siemens Medical Solutions, Erlangen, Germany) dedicated for simultaneous PET-MR brain imaging was developed and installed in a few institutions for validation and testing. 17 The system was assessed in clinical and research settings in 5 academic institutions in Germany and the Unites States by exploiting the full potential of anatomic MR imaging in terms of high soft tissue contrast sensitivity in addition to the many other possibilities offered by this modality, including blood oxygenation level-dependent imaging, functional MR imaging, diffusionweighted imaging, perfusion-weighted imaging, and diffusion tensor imaging. 20 A second sequential combined PET-MR system was also designed for molecular-genetic brain imaging by docking separate PET and MR systems together so that they share a common bed that passes through the field of view of both cameras. 21 This was achieved by combining 2 high-end imaging devices, namely a high-resolution research tomograph and a 7-T MR image with submillimeter resolution.
Dedicated PET-MR is a valuable tool for grading of brain tumors, detection of recurrences, and monitoring treatment response. MR imaging alone is not sufficient in applications, such as defining tumor infiltration boundaries and therapy response evaluation wherein biologic changes precede morphologic signals. Fig. 2 shows representative clinical brain PET-CT and PET-MR images of a healthy subject acquired sequentially on 2 combined systems, namely the Biograph TrueV (Siemens Healthcare, Erlangen, Germany) 22 and Ingenuity TF PET-MRI (Philips Healthcare, Eindhoven, The Netherlands). 19 The PET-CT study was started 30 minutes following injection of 370 MBq of 18 F-FDG followed by PET-MR imaging, which started about 80 minutes later. The better soft tissue contrast observed on MR imaging is obvious and further emphasizes the ineffectiveness of PET-CT for this indication and the potential role of PET-MR imaging.
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INNOVATIONS IN MR IMAGING-GUIDED QUANTITATIVE BRAIN PET IMAGING
PET-MR imaging has primarily been used to fuse functional/molecular and anatomic data to facilitate anatomic localization of functional abnormalities and also to aid in quantitative analysis of specific regions of interest or at the voxel level. In addition, anatomic information derived from MR imaging might also be useful for attenuation correction, motion compensation, scatter modeling and correction, and partial volume correction and could serve as a priori information to guide the PET reconstruction process. In spite of the widespread interest in PET-MR imaging, there are several challenges that face the use of PET-MR in clinical settings.
MR Imaging-Guided Attenuation Correction in PET-MR
Quantitative measurement of PET radiotracer activity concentration requires correction for photon attenuation and much of PET-MR success in the future will likely depend on the accuracy of determining an attenuation map from the MR signal. Because of space constraints, a transmission scan system can hardly be fit inside a PET-MR scanner, although a recent study reported on the placement of an annulus Ge-68 transmission source inside the field of view of the PET detector ring, thus enabling simultaneous acquisition of 511-keV photons emanating from the patient and the transmission source. 25 Time-of-flight information is used to discriminate the coincident photons originating from the transmission source. Unlike PET-CT, attenuation correction in PET-MR systems is not trivial because the MR signal reflects tissue proton densities and relaxation times and not electron density. Moreover, MR signals are not directly related to the tissue attenuation. 26 This becomes a limiting issue in locating and mapping bone, brain skull, lungs, and other unpredictable benign or malignant anatomic abnormalities with varying densities. Bone is intrinsically not detectable by conventional MR sequences, as it shows up as a black or void region, which makes it difficult to distinguish bone from air. In the head, however, the skull bone is covered by subcutaneous fat and encloses the brain. Incorporation of a priori anatomic knowledge allows for sufficient information to be collected to precisely segment MR scans and thus to provide an accurate attenuation map.
Various approaches have been used to derive the attenuation map from MR images. 27 Segmentation of gray matter, white matter, and water equivalent soft tissue structures are relatively trivial but it is highly challenging to segment bone tissue from air-filled spaces using conventional MR sequences. Zaidi and colleagues 28 have developed an MR-guided attenuation correction technique for brain PET imaging to alleviate the requirement of acquiring an x-ray CT scan using fuzzy logic segmentation. Using segmented T1-weighted 3-dimensional MR images, the investigators have shown the possibility of deriving a nonuniform attenuation map from MR imaging for brain PET imaging. The procedure was further refined by automating the segmentation of the skull procedure of T1-weighted MR image using a sequence of mathematical morphologic operations. 29 A proof of principle of the use of dualecho ultra-short echo time MR imaging-based attenuation correction in brain imaging to discriminate air-filled cavities from bone on MR images was also reported. 30, 31 An alternative to the image segmentation approach is the use of anatomic atlas registration for attenuation correction where the PET atlas is registered to the patient's PET and prior knowledge of the atlas' attenuation properties is used to build a patient-specific attenuation map. 32 Deformable image registration plays a key role in atlas-based attenuation correction, which may fail in situations with large deformations. Moreover, it is not clear to what extent global anatomy from an atlas could realistically predict an individual patient's attenuation map. Hofmann and colleagues 33 studied an MR-guided attenuation correction technique using image segmentation and a method based on an atlas registration and pattern recognition (AT&PR) algorithm in 11 patients and reported that the MR-guided technique using AT&PR provided better overall PET quantification accuracy than the basic MR image segmentation approach because of the significantly reduced volume of errors made regarding volumes of interest within or near bones and the slightly reduced volume of errors made regarding areas outside the lungs. Marshall and colleagues 34 developed a technique wherein variable lung density was taken into account in the attenuation correction of whole-body PET-MR imaging. The investigators first established a relationship between MR imaging and CT signal in the lungs and used it to predict attenuation coefficients from MR imaging. They reported that their technique improved the quantitative fidelity of PET images in the lungs and nearby tissues compared with an approach that assumes uniform lung density. Recently, Chang and colleagues 35 investigated the use of nonattenuated PET images as a means for attenuation correction of PET images in PET-MR systems using a 3-step iterative process and suggested that the technique is feasible in the clinics and can potentially be an alternative method of MR-based attenuation correction in PET-MR imaging. Fig. 3 illustrates different ways of deriving the attenuation map for brain PET imaging including transmission scanning, model or atlas-based approaches, x-ray CT, segmented T1-weighted MR imaging, and more sophisticated MR imaging-guided derivation of the attenuation map. Fig. 3 also shows the transaxial CT cross section, the corresponding coregistered MR imaging cross section, and the segmented MR image required in generating a 3-tissue compartment head model corresponding to brain, skull, and scalp using the algorithm mentioned previously. 36 Compensation for attenuation in the bed and head holder can be accomplished as discussed previously for calculated attenuation correction methods. 29 Many challenging issues, such as contrast instability of MR in comparison with CT, inaccuracies associated with assigning theoretical or uniform attenuation coefficients, motion artifacts, and attenuation of MR hardware, still need to be addressed adequately. 24 MR-guided attenuation correction is clearly evolving and will remain a hot topic that requires further research and development efforts. Apparent other advantages of MR are in motion correction and in partial volume correction of PET data.
MR Imaging-Guided PET Image Reconstruction and Partial Volume Correction
Statistical methods have been increasingly used in PET image reconstruction because of their better noise properties. In addition, information regarding the image formation and physics processes can be incorporated using Bayesian priors. However, an undesirable by-product of the statistical iterative reconstruction techniques, such as maximum likelihood-expectation maximization algorithm (ML-EM), is that large numbers of iterations are prone to increase the noise content of the reconstructed PET images. In emission tomography, photon noise is modeled as having a Poisson distribution. The noise characteristics can be overcome by incorporating a priori distribution to describe the statistical properties of the unknown image and thus produce a posteriori probability distributions from the image conditioned on the data. Bayesian reconstruction methods form a logical extension of the ML-EM algorithm. Maximization of the a posteriori (MAP) probability over the set of possible images results in the MAP estimate. This approach has many advantages, as various components of the prior, such as pseudo-Poisson nature of statistics, non-negativity of the solution, local voxel correlations, or known existence of anatomic boundaries may be added individually in the practical implementation of the algorithms. 37 Using a Bayesian resolution loss model in PET images can be avoided by incorporating prior anatomic information from a coregistered MR or CT image in the PET reconstruction process. Combined PET-CT and PET-MR systems produce accurately registered anatomic and functional image data that can be exploited in developing Bayesian MAP reconstruction techniques. 38 PET image reconstruction using MAP has been shown to have improved contrast versus noise tradeoff. 39 In brain imaging, MR imaging-guided PET image reconstruction was reported to outperform CTguided reconstruction owing to the high soft tissue contrast provided by MR and the accuracy obtained using sophisticated brain MR imaging segmentation procedures. 40 The quantitative accuracy of PET activity concentration estimates for sources having dimensions less than twice the system's spatial resolution is limited because the counts in smaller volumes are spread over a larger volume than the physical size of the object owing to the limited spatial resolution of the imaging system. This phenomenon is referred to as the partial volume effect (PVE) and can be corrected using one of the various strategies developed for this purpose. In multimodality brain imaging, a main concern has been related to the PVE correction for cerebral metabolism in the atrophied brain, particularly in Alzheimer disease (AD). The accuracy of MR imaging-guided PVE correction in PET largely depends on the accuracy achieved by the PET-MR imaging coregistration procedure, which is improved by using simultaneous hybrid PET-MR imaging systems. Zaidi and colleagues 40 evaluated the impact of brain MR image segmentation methods on PET partial volume correction in 18 F-FDG and 18 F-L-dihydroxyphenylalanine ( 18 F-DOPA) brain PET imaging. The results indicated that a careful choice of the segmentation algorithm should be made while using geometric transfer matrix-based partial volume corrections in brain PET. Fig. 4 illustrates the impact of PVE correction in functional FDG-PET brain imaging of a patient with suspected AD. 23 The voxel-based MR imagingguided PVE correction applied here follows the approach by Matsuda and colleagues. 41 Recently, Wang and Fei 42 introduced a PVE correction method that incorporates edge information in MR imaging to guide PET partial volume correction without MR imaging segmentation taking advantage of the PET-MR alignment. The second issue affecting the accuracy of MR imaging-guided partial volume correction in brain PET is the MR segmentation procedure. In this context, the high soft tissue contrast of MR allows the differentiation between gray and white matter. Shidahara and colleagues 43 studied a wavelet transform-based synergistic approach that combines functional and structural information from a number of sources (CT, MR imaging, and anatomic probabilistic atlases) for the accurate quantitative recovery of radioactivity concentration in PET images. The study demonstrated that the synergistic use of functional and structural data yields morphologically corrected PET images of high quality. Le Pogam and colleagues 44 proposed a voxel-wise PVE correction based on the original mutual multiresolution analysis approach (MAA). The study showed an improved and more robust qualitative and quantitative accuracy compared with the MAA methodology, particularly in the absence of full correlation between anatomic and functional information.
MR Imaging-Guided Motion Correction
The intrinsic spatial resolution achieved using high-resolution PET scanners available today does not translate into spatial resolution achieved in the clinical imaging because of various factors, including motion during or between the anatomic and functional image acquisitions. 45 Patient motion (voluntary or involuntary)-related quantitative inaccuracy is common in imaging the brain, head and neck, thoracic, and abdomen regions because of long PET acquisition time. Although the common misalignment between PET and CT images in the thoracic region on combined PET-CT scanners is related to differences between breathing patterns and acquisition times, this challenging issue will likely be addressed partly in some cases, but not necessarily in all, through the introduction of PET-MR because of the longer acquisition time of typical MR sequences used for attenuation correction, thus leading to temporal averaging and improvement in the alignment between MR imaging and PET.
In brain PET-MR prototype scanners, rigidbody 46 and nonrigid motion correction 47 methods have been successfully tested for improved spatial resolution and accurate PET quantification. Tsoumpas and colleagues 48 studied the potential of using MR-derived motion fields to correct nonrigid motion in PET and showed that combined PET-MR acquisitions could potentially allow motion compensation in whole-body PET acquisitions without prolonging acquisition time or increasing radiation dose. In neurologic simultaneous PET-MR studies, Catana and colleagues 49 showed, using 3-dimensional Hoffman brain phantom and human volunteer studies, that high temporal-resolution MR imaging-derived motion estimates acquired simultaneously on the hybrid brain PET-MR scanner can be used to improve PET image quality, therefore increasing its reliability, reproducibility, and quantitative accuracy. Imaging in vivo primates, Chun and colleagues 47 have recently shown that tagged MR imagingbased motion correction in simultaneous PET-MR significantly improves lesion detection compared with respiratory gating and no motion correction while reducing radiation dose.
ROLE OF HYBRID PET-MR FOR TARGET VOLUME DELINEATION OF BRAIN TUMORS Rationale Behind the Use of PET in Biologic Tumor Volume Delineation
In radiotherapy treatment planning, the identification of gross tumor boundaries, known as gross tumor volume (GTV), is the first essential step. Knowledge of anatomic and functional tumor extent with respect to surrounding normal tissue is essential in GTV delineation. In brain tumors, the identification of aggressive tumor components within spatially heterogeneous lesions is challenging. 50 MR imaging allows precise information on tumor morphology but fails to provide details on tumor activity and metabolism. PET helps in tumor grading, assessing tumor extent, and in studying metabolism. As such, combined PET-MR reins in the synergy and helps in personalized radiotherapy treatment planning in brain tumors. 51 In the radiotherapy treatment planning of glioblastoma multiforme (GBM), MR imaging is routinely used for GTV delineation. One of the caveats in using MR imaging for delineating glioma tumor boundaries is that MR imaging is unreliable mainly because of the inherently infiltration nature of GBM and the lack of distinction between glioma and surrounding edema with MR imaging. Increasing evidence suggests that brain tumor imaging with PET using amino acids is more reliable than MR imaging to define the extent of cerebral gliomas.
5,6,52 Fig. 5 . is an example of the applicability and clinical usefulness of combined PET-MR in the imaging of brain tumors.
PET Image Segmentation Techniques
Identifying a perfect image segmentation algorithm in the absence of the ground truth and considering the imperfect system response function is a challenge in PET quantification. In addition, the low spatial resolution and high noise characteristics of PET images makes image segmentation a difficult task. Image segmentation is defined as the process of classifying the voxels of an image into a set of distinct classes. Image segmentation has been identified as the key problem of medical image analysis and remains a challenging and fascinating area of research. Despite the difficulties and known limitations, several image segmentation approaches have been proposed and used in the clinical setting, including thresholding, region growing, classifiers, clustering, edge detection, Markov random field models, artificial neural networks, deformable models, atlas-guided, and many other approaches. 53 Manual segmentation methods available on most commercial software packages to identify lesion boundaries and to quantify GTVs in terms of standardized uptake value are very laborious and tedious. They discourage physicians from taking advantage of the inherently quantitative data and compel them to use qualitative means in their diagnosis, therapy planning, and assessment of patient response to therapy. Semiautomated or fully automated segmentation methods enable physicians to easily extract maximum and mean standardized uptake value estimates from a lesion volume. This also allows the physician to track changes in lesion size and uptake after radio/chemotherapy. At present, various methods are used in practice to delineate PET-based target volumes. 53 Manual delineation of target volumes using different window-level settings and look-up tables is the most common and widely used technique in the clinic; however, the method is highly operator-dependent and is subject to high variability among operators. Rather large intraobserver variability was reported 54 for many localizations, including high-grade glioma (HGG), as shown in Fig. 6 . In this respect, semiautomated or fully automated delineation techniques might offer several advantages over manual techniques by reducing operator error/subjectivity, thereby improving reproducibility. Our group reported on the contribution of 18 F-FET PET in the delineation of GTV in patients with HGG as compared with MR imaging alone using manual and semiautomated techniques. 55 In this study, PET-based tumor volumes were delineated in 18 patients using 7 image-segmentation techniques. The PET image-segmentation techniques included manual delineation of contours (GTV (man) ), a 2.5 standardized uptake value (SUV) cutoff (GTV (2.5) ), a fixed threshold of 40% and 50% of the maximum signal intensity (GTV (40%) and GTV (50%) ), signal-tobackground ratio (SBR)-based adaptive thresholding (GTV (SBR) ), gradient find (GTV (GF) ), and region growing (GTV (RG) ). Overlap analysis was also conducted to assess geographic mismatch between the GTVs delineated using the different techniques. Contours defined using GTV (2.5) failed to provide successful delineation technically in 3 patients (18% of cases) as SUV(max) less than 2.5 and clinically in 14 patients (78% of cases). Overall, most GTVs defined on PET-based techniques were usually found to be smaller than GTV (MR imaging) (67% of cases). Yet, PET frequently detected tumors that were not visible on MR imaging and added substantial tumor extension outside the GTV (MR imaging) in 6 patients (33% of cases). The study showed that the selection of the most appropriate 18 F-FET PET-based segmentation algorithm is crucial, as it affects both the volume and shape of the resulting GTV. The SBR-based PET technique was shown to be useful and suggested that it may add considerably important information on tumor extent to conventional MR imaging-guided GTV delineation. have shown higher sensitivity and specificity (85%-95%) for malignant gliomas in comparison with MR imaging. MET-PET and FET-PET have shown to have similar tumor uptake patterns. 56 AA-PET has been gaining interest and is routinely being performed to differentiate viable tumor form radiation-induced necrotic regions. In GTV delineation, AA-PET is used to determine tumor extent. Grosu and colleagues 57 showed the utility of MET-PET and iodo-methyl-tyrosine singlephoton emission computed tomography (SPECT) for GTV delineation in gliomas. An increase in median survival from 6 months to 11 months has been reported in patients with recurrent highgrade gliomas whose radiotherapy treatment was planned on the basis of biologic imaging using MET-PET or SPECT in comparison with those patients whose treatment was planned conventionally. 58 Galldiks and colleagues 59 studied treatment response in patients with glioblastoma using 18 F-FET PET alongside MR imaging and showed that in comparison with MR imaging tumor volumes, changes in 18 F-FET PET may be a valuable parameter to assess treatment response in glioblastoma and to predict survival time. This study and other studies have exemplified the relevance of metabolically active tumor volumes in AA-PET to assess treatment response. 59, 60 
Amino Acids in Brain Gliomas
Other Relevant Tracers for Brain Tumor Imaging
Tumor hypoxia remains the most challenging condition for treatment. Although oxygen metabolism in gliomas differs from that of normal brain tissue, the lack of oxygen appears to be an important factor in determining glioma aggressiveness and response to therapy. It has been documented in several types of cancers that low levels of oxygen tension are associated with persistent tumor following radiation therapy and with the subsequent development of local recurrences. In gliomas, spontaneous necrosis suggests the presence of hypoxic regions that are radioresistant. Most of the PET tracers for tumor hypoxia are from the family of 2 0 -nitroimidazole compounds, which exhibit a rate of uptake that is purely dependent on the oxygen concentration. 61 Currently available hypoxia-imaging agents include, but not are limited to, and intratumoral special distribution of hypoxia are excellent for therapy decision making; however, it is worth mentioning that the tumor-to-blood ratio is generally low in hypoxia imaging, which may translate into statistical uncertainties in measuring intratumoral hypoxic regions. 62 PET imaging of tumor hypoxia has been identified as a prognostic biomarker. 63, 64 In addition, the spatial distribution of hypoxic regions within the tumors can guide biologically based radiotherapy treatment planning. 65 In gliomas, there is increasing evidence that tumor hypoxia correlates with radioresistance and the extent of hypoxia in gliomas before radiotherapy is related to decrease in tumor progression time or patient survival time. 66,67 18 F-FMISO imaging of hypoxic glioma cells shows significant promise; however, larger patient population studies are required to ascertain its clinical impact. Identifying the regional distribution of hypoxia may improve planning of resections and allow targeting higher doses of radiotherapy more precisely to the hypoxic areas.
SUMMARY AND FUTURE PERSPECTIVES
Multimodality imaging has become an integral part in the medical management of brain tumors for the past 2 decades. Hybrid PET-MR technology is a major breakthrough and offers many quantitative avenues for brain tumor assessment and quantification. PET imaging provides the opportunity to image noninvasively many biologic processes. Regional biologic information and pathophysiology of brain tumors can be obtained by studying energy metabolism, AA transport, hypoxia, proliferation, and cell death. In radiation oncology, imageguided patient-specific treatment planning has become standard practice, making use of highprecision dose-delivery techniques; however, the success of image-guided radiotherapy is directly related to the accuracy of imaging methods in distinguishing tumors from surrounding normal tissues, which makes PET-MR an essential imaging modality. Studying tumor biology at the molecular level using PET-MR will help in charting personalized treatment plans for patients with brain tumors and also in exploring new therapeutic opportunities in the future.
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